Introduction {#S0001}
============

The introduction of chlorpromazine in 1952, a phenothiazine antipsychotic and dopamine inhibitor, initiated the pharmacological treatment of schizophrenia thus has been considered a revolutionary event in psychiatry.[@CIT0001] Several other antipsychotics have been produced since then, including fluphenazine, flupentixol, and haloperidol. These first-generation antipsychotics were named typical antipsychotics (TAPs) because of their main effects on dopamine D2 receptors. While the dopamine D2 receptors are being blocked, psychotic symptoms can be improved obviously. A major issue with TAPs is the limited ability to treat negative and cognitive domains of schizophrenia, alongside with the risk of extrapyramidal symptoms (EPS).[@CIT0002]

Different from TAPs, which are primarily dopamine D2 antagonists, the atypical antipsychotics (AAPs) act at multiple neurotransmitter receptors, including dopamine D1, D2, D3, and D4, adrenergic alpha1 and alpha2, serotonin 5HT2A and 5HT2C, histamine and muscarinic receptors. Of the AAPs, clozapine, a dibenzodiazepine developed in 1961, is the first one approved for the treatment of resistant schizophrenia,[@CIT0003] but was withdrawn from the market in USA because it induced agranulocytosis in a patient. In 1980s, however, it was re-introduced for treatment-resistant patients. Following clozapine, risperidone was introduced in 1993, olanzapine in 1996, quetiapine in 1997, ziprasidone in 2001, aripiprazole in 2002, extended-release paliperidone in 2006, asenapine in 2009, iloperidone in 2009, and paliperidone long-acting injection in 2009.[@CIT0004]

AAPs are now widely used to manage psychosis (including delusions or hallucinations, as well as disorders of thought), particularly in schizophrenia and bipolar disorder. Antipsychotics may also be used to counter psychosis associated with a wide range of other disorders, such as psychotic depression and obsessive-compulsive disorder. They became the most popular drug class in the US in 2008.[@CIT0005] Because of their novel receptor binding profiles, AAPs have good efficacy regarding to negative symptoms (apathy, hypokinesis, poverty of thought, introverted thinking) and induce less EPS, which are more frequently seen in patients treated with TAPs and can impair patients' ability to complete activities of daily living. According to a recent large meta-analysis, the mean prevalence of tardive dyskinesia (TD) among current TAPs users was approximately 30%.[@CIT0006] Another meta-analysis reported that EPS was less frequent and severe in patients on several AAPs than their TAP comparators. Pooled AAPs produced significantly less EPS than TAPs.[@CIT0007]

In addition to EPS, metabolic syndrome (MetS) in patients with schizophrenia has become a major concern as evidenced by the high levels of MetS in schizophrenia patients. According to a previous meta-analysis, almost 1 in 3 of unselected patients with schizophrenia meet criteria for MetS (see the definition described later), 1 in 2 patients are overweight, 1 in 5 appear to have significant hyperglycemia and at least 2 in 5 have lipid abnormalities.[@CIT0008] Although many other factors may contribute to the elevated prevalence rate of MetS in the schizophrenia population, several reviews and meta-analyses have demonstrated a role of certain AAPs.[@CIT0009]--[@CIT0013] They cause variable degrees of metabolic side effects such as weight gain, obesity, dyslipidemia, insulin resistance, glucose intolerance, overt diabetes, nonalcoholic fatty liver disease (NAFLD) and, in rare cases, steatohepatitis.[@CIT0004],[@CIT0005] In this article, we will summarize clinical evidence for AAPs-induced metabolic side effects, include animal models analogous to clinical observations with AAPs-treated patients, and discuss the potential mechanisms involved in the AAPs-induced metabolic side effects.

Mets and NAFLD {#S0002}
==============

MetS has been defined as a specific combination of metabolic risk factors, which may result in cumulative risk being greater than the sum of the individual risks. These risk factors include central obesity or body mass index, serum lipids, blood pressure, and serum glucose.[@CIT0004] They have been associated with the development of cardiovascular diseases (CVD) and excess mortality.[@CIT0014]--[@CIT0016] As a prevalent condition and predictor of CVD, MetS provides the opportunity to identify high-risk populations and prevent the progression of some major causes of morbidity and mortality.[@CIT0017]

MetS has a wide clinical spectrum in which NAFLD is a moderate severe state. Obesity, insulin resistance, and type 2 diabetes mellitus (T2DM) are major contributors to the development of NAFLD. There is increasing awareness of potential drug‐induced liver injury (DILI) risk factors in NAFLD patients for a growing number of drugs [@CIT0018] and DILI may present as lesions that resemble those of NAFLD.[@CIT0019] Drug-induced fatty liver is featured with mild to moderate serum enzyme elevations, generally in a hepatocellular pattern, as shown by liver biopsy or ultrasound. The clinical presentations, however, are usually absent or mild and nonspecific. Therefore, the diagnosis of the drug-induced fatty liver is usually made based upon laboratory or imaging test results. Although NAFLD is accepted to be a component of MetS, its presence alone may constitute a cardiovascular risk factor independent from the classic risk factors such as insulin resistance or obesity.[@CIT0020]

Clinical evidence for aaps-induced mets and NAFLD {#S0003}
=================================================

The prevalence of mets in aaps-treated patients {#S0003-S2001}
-----------------------------------------------

A cross-sectional study in Malaysia revealed that patients with schizophrenia receiving antipsychotics have a very high incidence (46.7%) of MetS.[@CIT0021] But, the prevalence of this syndrome varies in a wide range from 14.7% to 69.3% in societies different from European and North American ones (termed non-Euro-American societies \[NEAS\]). The incidence even reached up to 20% after 1 year of treatment with an AAP.[@CIT0022] The MetS development profile in AAPs-treated patients in NEAS seemed to be comparable to that in European and North American societies.[@CIT0023] The MetS prevalence in the Italian general population quoted around 26%, relatively low.[@CIT0024] A study in Shanghai, China, found that the prevalence of MetS in a total of 468 schizophrenia patients taking clozapine was about 43%, with 40.3% in males and 51.2% in females.[@CIT0025] Although it varies considerably in the studies cited above, the overall prevalence of AAPs-induced MetS is high. Therefore, the AAPs-induced MetS is thought to be a risk factor associated with the development of CVD and excess mortality as mentioned above.[@CIT0014]--[@CIT0016]

Weight gain {#S0003-S2002}
-----------

Weight gain has been accepted as common side effect of antipsychotic therapy, reported in up to 50% of patients receiving long-term treatment for schizophrenia.[@CIT0026] Early in 1992, a clinical observation with clozapine treatment for 16 weeks reported that 38% of the patients experienced marked weight gains and 29% had moderate weight gains. The improvements in BPRS (brief psychiatric rating scale) total score and composite negative symptom score were significantly greater for the eight patients with marked weight gains than for the other 13 patients.[@CIT0027] Following this study, many researchers investigated the AAPs-induced weight gain and MetS. In 1997, a case study reported obesity, liver enzyme abnormalities, and confirmatory evidence of fatty liver in 2 of 13 psychotic children treated with risperidone.[@CIT0028] An association between long-term risperidone therapy and the development of obesity, liver dysfunction, and steatohepatitis were observed in these two patients. In 2002, a study of 25 children with pervasive developmental disorder reported that olanzapine (10.7 mg/day) induced an average weight gain of 4.7 kg after 12 weeks of treatment, increasing about 10% of the body weight.[@CIT0029] A similar open-label study with risperidone in autistic children showed an average weight gain of 3.2 kg after the treatment for 4 weeks.[@CIT0030] However, the weight gain in a sample of elderly patients treated with olanzapine was insignificant,[@CIT0031] although this study was retrospective and limited by a small sample size. In Alzheimer's disease patients with psychosis, olanzapine treatment led to a modest weight gain (0.8 kg) over 6 weeks, whereas placebo-treated patients in the study showed a weight loss of 0.19 kg.[@CIT0032]

Of the AAPs, olanzapine showed higher rates of clinically significant (\>7% of body weight) weight gain compared with the others. In contrast, ziprasidone had the least impact on weight. Clozapine was more effective than risperidone, but comparable to olanzapine, in causing weight gain. Immediate-release quetiapine was comparable to risperidone but caused greater weight gain than ziprasidone. No significant difference was found between ziprasidone and risperidone. Data for aripiprazole were limited and no comparative evidence for paliperidone was found.[@CIT0004]

Hyperglycemia and T2DM {#S0003-S2003}
----------------------

Long before the introduction of antipsychotic drugs, researchers reported an increased prevalence of hyperglycemia and/or T2DM in schizophrenic patients.[@CIT0033] Then, an increase of diabetes prevalence was reported in patients treated with antipsychotics after the introduction of the first neuroleptics in the 1950s, and the same alarms occurred in the 1990s when AAPs were applied in clinical practice.[@CIT0034] Persistent reports have linked AAPs with impaired glucose metabolism, exacerbation of existing type 1 and 2 diabetes, new-onset T2DM, and diabetic ketoacidosis. The strength of the association between antipsychotics and diabetes varies across individual medications, with the largest number of reports for chlorpromazine, clozapine, and olanzapine.[@CIT0035] Recent controlled studies suggest that antipsychotics can impair glucose regulation by decreasing insulin action. Although the AAPs-induced weight gain may help to explain some treatment-related changes in glucose metabolism, case reports and controlled studies suggest that clozapine and olanzapine treatment may also be associated with adverse effects on glucose metabolism independent of adiposity. One example of case reports described a 31-year-old patient with schizophrenia who developed severe hyperglycemia and ketosis 3 months after starting clozapine therapy. After resolution of his ketoacidosis, clozapine was discontinued. Two months later, his glycosylated hemoglobin (HbA1c) level normalized. Clozapine was restarted, and 72 hrs later, the patient's fasting glucose level increased again. Discontinuation of clozapine led again to normalization of the patient's glucose level.[@CIT0036] In a controlled study, olanzapine- treated patients had significant (1.0--1.5 SDs) glucose elevations relative to the patients who received TAPs, or the untreated healthy control subjects. Clozapine-treated patients showed glucose elevations at fasting and 75 mins after load, as compared to the patients received TAPs, or untreated control subjects.[@CIT0037] Similarly, the proportion of patients with elevated blood glucose among the schizophrenia patients treated with antipsychotics was significantly higher than that of diabetics in the corresponding age groups in the general population. The comparison made in different groups of antipsychotics revealed that those treated with TAPs had a lower risk of developing diabetes mellitus than those who received dibenzodiazepine derivates like clozapine and olanzapine.[@CIT0038] In a recent meta-analysis with thirteen studies including 185,105 youth exposed to antipsychotics, it was concluded that antipsychotic exposure significantly increased the incidence rate ratio of T2DM relative to healthy controls and psychiatric controls. Olanzapine treatment and antipsychotic exposure time were the main modifiable risk factors for T2DM development in antipsychotic-exposed youth. The authors suggested that antipsychotics should be judiciously used and their efficacy and safety should be monitored proactively.[@CIT0039]

Dyslipidemia {#S0003-S2004}
------------

Lipid metabolism is an importance of MetS. Previous studies have consistently showed marked elevations of serum triglyceride levels with modest alterations in other lipid profiles associated with AAPs administration.[@CIT0040]--[@CIT0042] In addition, as mentioned above, individual AAPs differ in their liability to induce hypertriglyceridemia.[@CIT0043]--[@CIT0045] Generally, clozapine and olanzapine have the highest propensity to increase triglyceride levels; quetiapine and risperidone are associated with moderate risk for hyperlipidemia; ziprasidone and aripiprazole have minimal risk.

AAPs-induced elevation in lipid levels has significant health consequences as it increases risk for MetS, CVD, obesity, NAFLD, and acute pancreatitis. In respect to the latter case, several cases of olanzapine associated pancreatitis have been reported since 2000,[@CIT0046]--[@CIT0050] including two reports of acute necrotizing pancreatitis.[@CIT0047],[@CIT0049] In the case reported by Rizos et al,[@CIT0049] the patient was a 22-year-old man treated with olanzapine for 6 months at a dose regimen of 10 mg/day because of schizophrenia. He had no pre-existing predisposing factors for pancreatitis but showed the 759C/T polymorphism of HTR2C gene detected shortly after his discharge from the hospital. This polymorphism was hypothesized to increase the susceptibility of the patient to extreme triglyceride elevation following olanzapine treatment and consequent pancreatic injury.

Nafld {#S0003-S2005}
-----

Although NAFLD is accepted to be a component of MetS, its presence alone constitutes a cardiovascular risk factor independent from the classic risk factors such as insulin resistance or obesity.[@CIT0051] All these components of MetS have been associated with AAPs use in patients with schizophrenia as reviewed above. However, few clinical researches were reported on the association of NAFLD and AAPs use in patients with schizophrenia. Of the recently published studies, a case-control research demonstrated that patients with schizophrenia were 4.42 times more likely to have liver disease.[@CIT0052] A large-scale retrospective study reported a higher prevalence of liver disease and of alcohol-related cirrhosis in veterans with schizophrenia.[@CIT0053] Furthermore, a community-based study in patients with serious mental illness reported an OR of 2.69 in comparing schizophrenia patients to a reference group with liver problems.[@CIT0054] Similarly, Hsu et al reported that the prevalence and incidence of chronic liver disease in schizophrenia patients were 1.27 and 1.15 times as high as those of the general population, respectively.[@CIT0055] In a recent clinical trial with a large epidemiological cohort of drug-naïve patients with first episode nonaffective psychosis, the potential development of NAFLD during the first 3 years of antipsychotic treatment was analyzed. At baseline, none of the patients showed significant liver fibrosis. At 3 years follow-up, however, 25.1% individuals showed a FLI (fatty liver index) score ≥60, which is a predictor of steatosis. Although none of the patients included in the analysis displayed significant liver fibrosis, NAFLD was an early indicator of liver steatosis in a considerable proportion of patients during the follow-up period.[@CIT0056] Given the link between cardiometabolic risk, NAFLD, and antipsychotic medication, early detection of potential NAFLD development using non-invasive techniques could be worth considering in clinical practice. These patients should be monitored to treat liver disease and the potential underlying cardiovascular disease risk factors.[@CIT0057]

Efficacy and safety profile of sertindole {#S0003-S2006}
-----------------------------------------

Sertindole is a novel AAP. It was developed in the 1990s and first authorized in the United Kingdom in 1996. But, it was suspended by Lundbeck in November 1998 [@CIT0058] because of Q-T prolongation reported in three studies.[@CIT0059] Q-T prolongation is a risk factor for *torsade de pointes*, an arrhythmia that may progress to ventricular fibrillation.[@CIT0060] Although sertindole is not the only antipsychotic that may lead to Q-T prolongation, the use of it should be contraindicated in patients suffering from underlying cardiac diseases or hypokalemia and in those patients undergoing concomitant treatment with other medication known to prolong the Q-T interval.

After extended re-evaluation of its safety and risk-benefit profile, sertindole was reintroduced in the market in 2006. Comparative studies have shown sertindole to be an efficacious AAP,[@CIT0061],[@CIT0062] associated with placebo-level EPS.[@CIT0063] Moreover, sertindole exerts a beneficial effect on the cognitive disturbances associated with schizophrenia.[@CIT0064]--[@CIT0066] In a review article by Karamatskos et al,[@CIT0067]sertindole was shown to be comparable to haloperidol and risperidone on positive symptoms, but superior on negative symptoms. It is generally well tolerated but is associated with a dose-related QTc interval prolongation.

The data in the literature on possible metabolic side effects of sertindole are scanty. In the sertindole cohort prospective study the short- and long-term metabolic safety of sertindole was compared to that of risperidone in a subset of patients. From baseline to last assessment (up to 60 weeks), comparable weight gains (1.8 and 1.7 kg for sertindole and risperidone, respectively) were observed. The both treatments did not result in clinic relevant changes in triglycerides, total cholesterol, HDL-cholesterol, LDL-cholesterol, plasma glucose and blood pressure. No patient in either of the groups developed type 2 diabetes during the study.[@CIT0068] In an open-label, noncomparative, flexible-dose study carried out in 11 European countries, the safety and tolerability of sertindole in the long-term treatment of schizophrenia were assessed. The most common adverse events were fatigue and weight gain, both with incidences of 14%.

Metabolic effects and NAFLD of aaps in animal studies {#S0004}
=====================================================

So far, preclinical research has extensively addressed metabolic effects of AAPs. In rodent experiments, metabolic abnormalities induced by antipsychotics, specifically weight gain, glucose metabolism dysregulation and altered lipid profile have been described.[@CIT0069] Here we focused on some individual risk factors for AAP-induced metabolic side effects, including weight gain, glucose dysregulation, lipid disturbances, and NAFLD.

Weight gain {#S0004-S2001}
-----------

Earlier animal studies of antipsychotics-induced obesity mainly involved sub-chronic or chronic administration of sulpiride, which is a specific blocker of D2--D3 receptors. In 2002, Baptista et al[@CIT0070] reported that acute administration (12 days) of risperidone induced significant bodyweight gain only in female rats. Similarly, olanzapine administration, even a single day of treatment, promoted bodyweight gain in female rats and the weight gain was rapidly reversible.[@CIT0071] A subsequent study of the same group suggested that olanzapine-induced hyperphagia acts as an initial stimulus leading to weight gain, visceral adiposity and subsequent insulin resistance.[@CIT0072] Other authors have also shown consistently that olanzapine induces weight gain in female rats and mice. Such sex-dependent effects questioned whether rodent models mimic the clinical situation as there is no evidence that antipsychotics-induced weight gain in the clinic is only seen in females.[@CIT0073] This issue is highlighted further by the finding that administration of clozapine over a very wide dose range failed to induce weight gain, which is in contrast to the clinical finding that clozapine induces substantial weight gain in humans.[@CIT0074]

Glucose dysregulation {#S0004-S2002}
---------------------

Glucose dysregulation is characterized by higher levels of fasting blood glucose and glucose intolerance. In vivo models commonly reported higher levels of fasting plasma glucose in rats after either acute or chronic treatment with most AAPs.[@CIT0069],[@CIT0075],[@CIT0076] Elevated and sustained plasma glucose levels could be attributable either to decreased insulin-mediated glucose uptake or to increased endogenous hepatic glucose production/output (HGO). Indeed, quetiapine and clozapine were shown to induce derangements in glucose homeostasis by acutely promoting glucagon secretion and HGO in the rat.[@CIT0077] The two drugs also acutely reduced glucagon-like peptide-^1^ production, but increased glucagon release in obese rats.[@CIT0078] These results confirmed that the liver is the primary site of increased glucose output as shown in a previous study.[@CIT0079] Also, they are consistent with the finding in a study that olanzapine acutely induces HGO.[@CIT0080] In a follow-up study, the same group stated that AAPs differ in their propensities to impair glucose production; of them clozapine and olanzapine increased HGO, whereas ziprasidone decreased HGO.[@CIT0081] In another study, AAPs produced significant dose and time dependent effects on fasting plasma glucose, insulin concentrations, and glucose intolerance. The greatest effect on glucose dysregulation was noted primarily with clozapine and olanzapine.[@CIT0069]

Adiposity and dyslipidemia {#S0004-S2003}
--------------------------

Increased adiposity results from enhanced lipid storage and/or impaired lipid mobilization. In support of this concept, rat adipocytes in cultures treated with olanzapine and clozapine showed enhanced lipogenesis.[@CIT0082],[@CIT0083] Similarly, adipocytes isolated from chronic olanzapine-treated rats presented an increase in fatty acid synthase expression.[@CIT0084] Moreover, the lipolytic capacity of the adipose tissue was impaired in response to AAPs, as demonstrated by reduced expression of hormone-sensitive lipase. In cultured human hepatocytes and in rat liver, acute exposure to clozapine resulted in lipogenesis stimulation through activation of SREBPs (sterol regulatory element-binding proteins).[@CIT0085],[@CIT0086] In addition, adipocytes from olanzapine-treated rats tended to be larger relative to those in untreated rats. This could result in the release of adipocytes content, eg triacylglycerides, into the circulation thereby increasing the risk of dyslipidemia.[@CIT0087] Furthermore, AAPs exerted direct effects on mature rat adipocytes, caused an increase in lipogenesis (ie triacylglyceride accumulation).[@CIT0083],[@CIT0084] In other studies, clozapine and olanzapine enhanced lipogenesis in murine preadipocytes[@CIT0083],[@CIT0088] and adipocytes, particularly in those located in white visceral adipose tissue.[@CIT0084],[@CIT0086]

Besides increasing lipogenesis and decreasing lipolysis, AAPs were shown to stimulate the differentiation of preadipocytes into adipocytes, thus increasing adipose tissue mass.[@CIT0089],[@CIT0090] For example, olanzapine and clozapine upregulated the expression of transcription factors, such as peroxisome proliferator-activated receptor-γ (PPAR-γ), CCAAT-enhancer binding protein β (C/EBPβ) in human and rodent adipocytes, which are essential for adipocyte differentiation. Moreover, the two drugs elevated levels of the adipocyte determination and differentiation factor 1/SREBP1C (ADD1/SREBP-1C).[@CIT0085],[@CIT0086],[@CIT0091] Last, but not least, AAPs increase mitochondrial ROS production[@CIT0092] and induce oxidative stress in cell lines and tissues,[@CIT0093]--[@CIT0095] thus influencing the balance between proliferation and differentiation of adipocyte progenitor cells.

Nafld {#S0004-S2004}
-----

Liver and adipose tissue play important roles in energy and lipid metabolism. As such, it was proposed that antipsychotic-mediated lipogenic effects in peripheral tissues are relevant for the risk of metabolic adverse effects associated with some of these drugs.[@CIT0085],[@CIT0086] In line with this suggestion, AAPs increased the synthesis of phospholipid, triacylglycerides and free fatty acids in primary mouse and rat hepatocytes[@CIT0096],[@CIT0097] and human hepatocyte cell lines.[@CIT0098] Moreover, acute exposure of rats to clozapine increased the hepatic content of phospholipids and triglycerides.[@CIT0085] These complex lipids are stored in lipid droplets and membrane structures in hepatocytes and may be secreted into the circulation as very low-density lipoprotein particles. Indeed, olanzapine- and aripiprazole-treated rats showed significantly increased fatty infiltration of liver (steatosis) compared with the control group, although the aripiprazole-treated group showed less steatosis compared with olanzapine. The mean non-alcoholic steatohepatitis score and fibrosis of the olanzapine group were significantly increased compared to the aripiprazole group. In addition, liver from the olanzapine group showed large fat droplets in perinuclear region, between cisternae of the rough endoplasmic reticulum, and in the space of Disse.[@CIT0099] In a more recent study, olanzapine-administered (for 2 weeks) rats showed severe liver damage indicated by loss of normal architecture, vacuolar degeneration of hepatocytes and fatty changes in the liver.[@CIT0100] In a study from our group, daily intraperitoneal injection of clozapine for 6 weeks significantly increased plasma levels of triglycerides, led to hepatic steatosis and fibrosis along with increased activities of alanine aminotransferase and aspartate aminotransferase in male Wistar rats, but showed no effects on blood glucose, insulin levels, and total cholesterol.[@CIT0101]

Mechanisms involved in the AAPs-induced mets and NAFLD {#S0005}
======================================================

Weight gain and obesity {#S0005-S2001}
-----------------------

Although the molecular mechanisms for AAPs-induced weight gain and obesity remain unclear, the antipsychotics-induced weight gain has been believed to result from the induction or aggravation of an imbalance between energy intake (ingested calories) and energy expenditure (exercise). One of the proposed mechanisms points to the ability of AAPs to induce hyperphagia by acting as moderate antagonists of monoamine neurotransmitter receptors, including those of histamine, serotonin, or dopamine, in the central nervous system.[@CIT0102]

It is known that appetite and food intake are regulated by the action of hypothalamic monoaminergic neurotransmitters and neuropeptides. Particularly, neuropeptide Y (NPY) and α-melanocyte-stimulating hormone are orexigenic peptides, whereas serotonin (5-HT) enhances satiety and regulates food intake, and the antagonism of the 5-HT2C receptor prevents satiety.[@CIT0103] In addition, histamine H1 receptor blockade increases appetite; this receptor seems to be required for the action of leptin, a peptide hormone secreted by adipocyte cells. This peptide plays a critical role in regulating adipose tissue mass and energy balance.[@CIT0104],[@CIT0105] The actions of other hormones in addition to leptin may also be affected, and perhaps disrupted, by antipsychotic drug treatment.

Adiponectin is an orexigenic hormone secreted by adipose tissue, with opposite effects to that of leptin on feeding behavior. Its expression can be influenced by adiposity, insulin resistance and T2DM.[@CIT0106],[@CIT0107] In schizophrenia patients treated with AAPs, lower adiponectin level was associated with insulin resistance, increased inflammation as determined by C-reactive protein, and elevated serum leptin.[@CIT0108] In a recent meta-analysis by Bartoli et al,[@CIT0109] olanzapine or clozapine treatment was associated with decreases in adiponectin. Ghrelin is another hormone secreted by the stomach. Like adiponectin, ghrelin opposes the effects of leptin in the hypothalamus. In a recent study, olanzapine was shown to promote appetite by enhancing ghrelin-receptor signaling,[@CIT0110] long term olanzapine administration inhibited post-prandial reduction of ghrelin in rats.[@CIT0111]

In some cases, adiposity may develop without hyperphagia.[@CIT0112] Therefore, it is plausible that the other side effects, such as sedation and muscle stiffness, decreased activity (exercise) and energy expenditure, may be involved in the AAPs-induced weight gain.[@CIT0102] Moreover, AAPs may exert direct effects on mature rat adipocytes thus causing an increase in lipogenesis, ie triacylglyceride accumulation.[@CIT0083],[@CIT0084] For example, clozapine and olanzapine enhanced lipogenesis in murine preadipocytes[@CIT0085],[@CIT0087] and adipocytes,[@CIT0084],[@CIT0085] particularly in those located in white visceral adipose tissue.

It is noteworthy that obesity, particularly visceral fat, is associated with a low-grade inflammatory state.[@CIT0113] These low-grade inflammatory alterations have been associated with an increased abundance of macrophages in adipose tissue in humans and rodents,[@CIT0113] which may contribute to the production of inflammatory molecules and induce the development of obesity-related comorbidities.[@CIT0114],[@CIT0115] Although the mechanism that underlies obesity in schizophrenia patients is not clear, antipsychotic medications, chronic low-grade inflammation, lifestyle, and genetic vulnerability are suggested as risk factors for overweight and obesity.[@CIT0116],[@CIT0117] In line with this suggestion, pro-inflammatory cytokine levels were raised in female schizophrenia patients treated with clozapine,[@CIT0118] whereas aripiprazole limited inflammatory processes while reduced the risk of metabolic abnormalities via enhancing anti-inflammatory signaling[@CIT0119] In a most recent study, however, olanzapine increased levels of IL-6 and IL-27 during the first episode of schizophrenia while improved psychological symptoms and particularly the negative symptoms in the patients.[@CIT0120] Therefore, antipsychotics may exert anti-inflammatory and/or pro-inflammatory effects, which may explain response variability and the variable emergence of adverse effects, such as MetS.[@CIT0121]

Glucose dysregulation {#S0005-S2002}
---------------------

Early in 1972, Baker and Rogers demonstrated that chlorpromazine was able to block glucose uptake into human erythrocytes.[@CIT0122] Following that, several studies showed that acute exposure to AAPs (clozapine and risperidone) inhibited GLUT1- and GLUT3-mediated glucose uptake in PC12 cells.[@CIT0123]--[@CIT0126] Clozapine and fluphenazine inhibited GLUT4-mediated glucose transport in the rat muscle L6 cell line.[@CIT0123] Later, clozapine was shown to reduce insulin-stimulated glucose transport into rat adipocytes.[@CIT0075] Similarly, clozapine and olanzapine decreased insulin-stimulated glucose transport into rat pre-adipocytes and primary adipocytes.[@CIT0084] In line with the above studies, antipsychotics in vitro effectiveness in inhibiting glucose transport was correlated to their in vivo effectiveness in raising plasma glucose in mice injected with an intraperitoneal bolus of these drugs.[@CIT0126] In addition, a decrease in GLUT4 mRNA expression and recruitment to cell surface may contribute to the inhibition of glucose transport in adipose tissue induced by antipsychotics treatment.[@CIT0127]

Protein kinase B (Akt) may be rapidly activated by insulin and able to mediate the translocation of GLUT4 onto the plasma membrane.[@CIT0128] Interestingly, activation of D2 receptor family was shown to stimulate the assembly of a complex containing β-arrestin 2, protein phosphatase 2A and Akt.[@CIT0129],[@CIT0130] In addition, mitochondrial dysfunction may play a key role in the development of insulin resistance and diabetes associated to the use of antipsychotics,[@CIT0131],[@CIT0132] given the finding that antipsychotics negatively affected mitochondrial function, altered the function of key metabolic enzymes and negatively affected carbon metabolism and/or electron transport during oxidative phosphorylation, thereby decreasing glucose metabolism.[@CIT0133]--[@CIT0135]

Dyslipidemia and NAFLD {#S0005-S2003}
----------------------

AAPs disturb lipid metabolism through their effects on SREBPs. SREBPs exist as two homologous proteins: SREBP-1 and SREBP-2. SREBP-1 is known as the key regulator of fatty acid synthesis and a molecular link between lipid metabolism, insulin action and obesity at the gene regulatory level;[@CIT0136] whereas SREBP-2 is the main regulator of cholesterol metabolism.[@CIT0137] It was reported that olanzapine, clozapine and risperidone elicited significant upregulation of SREBP-1, SREBP-2, and their downstream target genes thus led to increased lipid and cholesterol synthesis in primary rat hepatocytes and mouse liver.[@CIT0095],[@CIT0097],[@CIT0138] Even a single intraperitoneal injection of clozapine or olanzapine induced elevation of serum free fatty acids, followed by hepatic accumulation of lipids.[@CIT0085],[@CIT0127] In a recent study, clozapine and risperidone significantly increased hepatic expressions of SCAP/SREBP and the parallel inhibition of PGRMC1/INSIG-2, while markedly elevated levels of serum lipid and hormone parameters in rats.[@CIT0139]

Another potential mechanism contributing to the increased risk for AAPs-induced hyperlipidemia is a deficiency in long-chain omega-3 (LC n-3) fatty acids, including eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Specifically, increasing LC n-3 fatty acid status through dietary supplementation is efficacious in reducing elevated triglycerides levels.[@CIT0140] Indeed, LC n-3 fatty acids have been approved by the United States FDA for the treatment of hypertriglyceridemia. Preclinical studies have reported that low LC n-3 fatty acid status is associated with greater liver triglycerides content and secretion in different rodent models.[@CIT0141]--[@CIT0144] Clinical studies have shown that patients with obesity and NAFLD exhibit significantly lower LC n-3 fatty acid levels in liver and red blood cells.[@CIT0145],[@CIT0146] These results are in line with the findings in schizophrenia patients who received AAPs and showed significantly lower LC n-3 fatty acid levels compared with healthy controls.[@CIT0147]--[@CIT0149] Last, but not least, increasing LC n-3 fatty acid status through dietary supplementation mitigated the elevation in serum triglycerides in AAPs-treated patients.[@CIT0150],[@CIT0151] Together, these data suggest that low LC n-3 fatty acid status may represent a modifiable risk factor for AAPs-induced elevations in triglycerides production, weight gain and NAFLD. In support of this suggestion, low LC n-3 fatty acid status exacerbated risperidone-induced hepatic steatosis by augmenting the expression and activity of stearoyl-CoA desaturase-1, which plays a pivotal role in triglycerides biosynthesis.[@CIT0152]

Concluding remarks {#S0006}
==================

The AAPs represent an effective therapeutic option for a wide range of psychotic disorders, especially the schizophrenia. Their growing use has raised questions about their tolerability over the metabolic disturbance and even NAFLD. Amounts of clinical research have put forward tendency to obesity, glycometabolic disturbance, dyslipidemia and fatty liver in AAPs treatment. Experimental studies reveal that 5-HTR, H1R, GLUT play important roles in the process circuitously, the SREBP can regulate lipid biosynthesis directly to induce NAFLD, and LC n-3 fatty acid level is positively correlated with these effects. Many other factors should be concerned in this process as well.

Unlike weight gain and insulin resistance, dyslipidemia and NAFLD can easily be ignored because of their diagnostic difficulty, mild index abnormality and dormant clinical symptoms. However, the presence of steatosis and ballooning degeneration, inflammation and variable degrees of fibrosis is generally referred to as non-alcoholic steatohepatitis and is considered a more severe part of the spectrum of NAFLD, being potentially progressive and leading to advanced fibrosis or cirrhosis. What is worse, in clinical practice most patients starting AAPs do not receive recommended regular glucose or lipid screening or monitoring. At present, not only the symptom improvement, but also the overall quality of patients' lives should get more attention.

Some opinions are put forward here. First, monitoring weight gain is important but insufficient. Periodic monitoring of blood sugar may also be required during antipsychotic therapy, particularly for drugs with high diabetic liabilities such as olanzapine and clozapine. Monitoring of alanine aminotransferase levels and regular ultrasound, computerized tomography or magnetic resonance imaging tests are recommended, particularly in at-risk individuals. Therefore, careful assessment of a patient's clinical profile is warranted, in addition to routine monitoring of liver tests, to identify at-risk individuals (underlying liver disease, alcohol use, polypharmacy, drug--drug interactions, high daily AAPs dose, and metabolic abnormalities). Healthcare practitioners should educate patients to recognize manifestations of liver injury. So far, the life style modifications, nutritional consulting (specially, high LC n-3 fatty acid diet and regularly vitamin D supplement are recommended), and polypharmacological interventions have proved certain efficacy against AAPs-induced metabolic side effects.
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